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Performance Analysis 
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ABSTRACT 

A computer simulation tool, named “CHAMPS-Multizone” is introduced in this paper for analyzing both 

energy and IAQ performance of buildings. The simulation model accounts for the dynamic effects of 

outdoor climate conditions (solar radiation, wind speed and direction, and contaminant concentrations), 

building materials and envelope system design, multizone air and contaminant flows in buildings, 

internal heat and pollutant sources, and operation of the building HVAC systems on the building 

performance. It enables combined analysis of building energy efficiency and indoor air quality. The 

model also has the ability to input building geometry data and HVAC system operation related 

information from software such as SketchUp and DesignBuilder via IDF file format. A "bridge" to access 

static and dynamic building data stored in a "virtual building" database is also developed, allowing 

convenient input of initial and boundary conditions for the simulation, and for comparisons between the 

predicted and measured results. This paper summarizes the mathematical models, adopted 

assumptions, methods of implementation, and verification and validation results. The needs and 

challenges for further development are also discussed. 
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INTRODUCTION 

Various building simulation programs have been developed (Crawley 2001, Walton 2006, Crawley 2007, 

and Nicolai 2007). However, a simulation tool for combined energy efficiency and IAQ analysis is not yet 

available. With the development of building technology, simulation programs are needed to enable 

architects and engineers to predict the energy and IAQ performance throughout different design stages, 

and at the time of building operation for diagnostic purposes. The objective of this study is to develop 

such a program (named, CHAMPS-Multizone) for whole building performance simulation.  It enables the 

simulation of combined heat, air, moisture, and pollutant transport in a multizone building, which are 

needed for concurrent building energy efficiency and IAQ analysis.  The development effort started in 

2007, with the initial intent to couple thermal effects on the emission of volatile organic compounds 

from building materials and the impact on IAQ. The initial program was developed in Borland C++ 

Builder environment by using existing CHAMPS-BES (coupled heat, air, moisture and pollutant 

simulation for building envelope systems, Nicolai et al. 2007) program as building enclosure model. In 

2008, the user-interface was restructured using MS VC++/QT environment. In 2009, several new model 

and features were implemented into the model including: 1) a new Building Information Modeling (BIM) 

class/data structure; 2) implementation of solar radiation and heat transfer models; 3) HVAC and control 

models; 4) modules for data input from SchetchUp and DesignBuilder in 2010, and 5) a redesigned user 

interface for compatibility with the “Virtual Building” database and ease of data input. 

 

The current paper provides an overview of the program structure and components/modules, detailed 

description of mathematical models and associated assumptions, method of numerical implementation, 

and data interoperability with Google SchetchUp (2009), DesignBuilder (2009) and the “Virtual Building” 

database that was developed to represent digitally the characteristics and operation conditions of a real 

building (Feng et al. 2009). The simulation results from CHAMPS-Multizone are also compared with the 

results obtained separately from existing well-established building simulation programs, EneryPlus (2008) 

for energy analysis and CONTAM (Walton 2006) for IAQ analysis. 

 

MODEL DEVELOPMENT  

An overview of combined heat, air, moisture and pollutant simulation (CHAMPS) program for a whole 

building is illustrated in Figure 1. The program includes three component models for building envelope, 

HVAC and room simulation and a multizone model that integrates the component models for whole 

building performance simulation. The program is supported by a shared database called “Virtual 

Building” which provides static building data (including construction materials, building geometry etc.) 

as well as dynamic data on real-time building performance monitoring. The program is used to simulate 

various design or control parameters to predict the performance of building energy and environmental 

systems. A VOC emission database will also be part of the shared databases for evaluating the effects of 

sources as well as ventilation and air cleaning on IAQ. 
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Figure 1 CHAMPS program structure 

Source: (Zhang 2005) 

 

Furthermore, CHAMPS-Multizone can be used for building design analysis to study building energy and 

IAQ performance. As Figure 2 shows, in early design stage, when building information input is simple, 

CHAMPS-Multizone can simulate building’s energy, moisture and indoor air quality without considering 

detailed HVAC plant systems. In detailed design stage, CHAMPS-Multizone can integrate with CHAMPS-

BES and EnergyPlus for detailed building envelope and HVAC systems simulation. Thus, based on 

different design stages, CHAMPS-Multizone can coordinate various models to accommodate needs of 

building performance analysis.   

Simple building information input:

simple geometry, HVAC systems

CHAMPS-Multizone Model

(envelope, HVAC, airflow etc.. )

Early design stage:

Detail design stage:

CHAMPS-Multizone, CHAMPS-

BES & EnergyPlus

(complex HVAC with plant loop, 

detailed energy calculation )

Quick building energy, moisture 

and IAQ performance prediction

Detailed building energy, moisture 

and IAQ performance prediction

Detailed building information input: 

complex geometry, HVAC systems

 

Figure 2. CHAMPS-Multizone and building design analysis 
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Mathematical Models: 

1) Multi-zone air-flow network model: 
The air-flow network model calculates the amount of air flow and pressure difference across external 

building envelope cracks/openings, internal partitions and floors. The driving forces for the air flow 

include wind and thermal buoyancy induced pressure differences across the building enclosure and fan 

induced pressure rises. Since pressure fluctuation transmits in the speed of sound, exceedingly faster 

than the heat and mass transport processes in the building, any zone pressure change process can be 

considered instantaneous.  And hence a quasi-steady state air flow model is adopted: 

 

   
(1) 

 

or simplified as,  

    (2) 

where, 

 = zone i pressure field (pa), 

 = zone j (connected with zone i) pressure field (pa), 

 = zone i volume (m3), 

 = air flow coefficient (kg m3/pan), 

 = flow exponent from zone i to zone j, 

 = flow direction sign, 1 if pi < pj, and -1 if pi  pj. 

 

Equation (2) requires solving all zones’ pressure fields simultaneously. Once all zone’s pressure is solved, 

the air flow rate can be calculated by using the flow rate-pressure relationship that characterizes the 

specific openings. The calculated heat, moisture and pollutants flow carried by airflow is considered as 

fluxes to the zone/room in the zone/room balance equations (i.e., room model). 

 

2) Room model: 
Well-mixed zone/room assumption is adopted in CHAMPS-Multizone. Another important assumption is 

that moisture (water vapor) and pollutant(s) are considered as trace gas so that their density change will 

not affect the zone’s air density. 

 

A general zone balance governing equation is given as: 

 

     (3) 

 

where, 

 = extensive property, 

E = U for energy, E = mv for water vapor, E = p for pollutant, 

 = zone density variable for extensive property E, 

 = flux for extensive property E, 
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 = source sink term for extensive property E. 

 

Equation (3) can be further written as, 

 

   (4) 
 

where, 

 = convective transfer from construction interior surface for extensive property E, 

 = air flow (infiltration, exfiltration, inter-zonal flow) transport for extensive property E, 

 = HVAC transport for extensive property E. 

 

For CHAMPS-Multizone application, three equations can be further derived from equation (4) for energy, 

moisture mass and pollutant mass balance respectively. The unknowns of zone quantities balance 

equation are zone internal energy density  in [J/m3], moisture mass density  in [kg/m3], and 

pollutant density  in [kg/m3].  

 

For more detailed simulation of the spatial distribution of room air and air contaminant, another room 

model that is based on subzoning approach has been developed (Nicolai 2010), which will be coupled 

with CHAMPS-Multizone during the next stage of the CHAMPS program development. 

 

3) HVAC model: 
The HVAC air system model assumes that supply duct and return duct of air handling unit could be 

considered as well-mixed “zones”, so that zone balance model, introduced in room model section, can 

be used here. This assumption is widely adopted by most IAQ simulation programs such as CONTAM 

(2009) for simplified HVAC modelling. A schematic of HVAC air hander system is illustrated as in Figure 3. 

 

Figure 3 Modelling of HVAC air handler as supply and return “zones” 

Filters can be simulated in supply or return “zones” as well as outdoor air supply duct. The air 

distribution from the air handling unit to individual zones are specified by user input directly or based on 

the heat and mass balance requirements for each zone with the assumption that subsequent detailed 
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duct design would ensure the balance of airflow and pressure in the building air distribution system to 

meet the requirements. Heat loss, gain and leakages along the air distribution ducts are not accounted 

in this simplified HVAC model. Since plant loop simulation is not included in this study, current model is 

limited to the net energy required to condition the supply air for achieving the desired set points 

without considering the equipment efficiency. For more detailed analysis, a coupling method is being 

developed for CHAMPS-Multizone to utilize the functionalities in the EnergyPlus program (Gu 2010).  

 

Supply and return duct balance governing equations are given as Equations (5) and (6), respectively: 

 

 (5) 

  (6) 

 

where, 

 = supply duct volume (m3) 

 = supply air flow rate from supply duct to zone k (m3/s) 

 = return air flow rate from zone k to return duct (m3/s) 

 = mix air flow rate, from return duct to supply duct (m3/s) 

 = exhaust air flow rate, from return duct to ambient air (m3/s) 

 = supply air duct “zone” extensive property E density 

 = return air duct “zone” extensive property E density 

 = filter efficiency for extensive property E 
 

Two different types of HVAC system are considered in CHAMPS-Multizone, constant air volume (CAV) 

and variable air volume (VAV), which are the most common for buildings. For CAV system, the supply air 

volume to individual zone is constant and defined by user input; while the supply air temperature is 

calculated in terms of the zone heat balance. Return air flow rate can also be specified, and can be 

different from supply air flow rate to pressurize or depressurize a zone. For VAV system, the supply air 

temperature is user-specified and supply air flow rate is controlled to ensure the zone heat balance. 

 

4) Envelope model: 
Two models are considered for energy and mass transport through building enclosure system. The first 

model uses finite volume method, to calculate the 1D or 2D heat, air, moisture, and pollutant transport 

through building enclosure. This model has been developed by Nicolai (2007) and a simulation program 

called CHAMPS-BES was developed for building envelope system analysis. It was coupled with CHAMPS-

Multizone to provide fluxes of heat, moisture and volatile organic compounds through wall surfaces 

(Nicolai et al. 2007). 

 

Another model uses Conduction Transfer Function (CTF) method to calculate energy transport through 

building envelope. This can provide much faster energy simulation than the finite volume method used 

in CHAMPS-BES, and accurate results for energy transport analysis. Uniform temperature distribution on 
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the exterior and interior surfaces of one construction assembly is assumed. The exterior and interior 

surface heat balance equations are given in Equations (7) and (8), respectively: 

 

     (7) 

    (8) 

 

where, 

 = short wave solar radiation (W/m2), 

 = long wave radiation exchange between ambient environment and exterior surface (W/m2), 

 = long wave radiation exchange between interior surface (W/m2), 

 = convective heat transfer on interior surface (W/m2), 

 = heat conduction out of exterior surface (W/m2), 

 = heat conduction into interior surface (W/m2), 

 = short wave source radiation imposed on interior surface (lighting source) (W/m2), 

 = long wave source radiation imposed on interior surface (e.g. equipment, people.) (W/m2). 

 

The conduction heat flux on exterior and interior building envelope surface is given in equation (9) and 

(10) respectively: 

 

   (9) 

  (10) 

 

where, X, Y, Z are temperature coefficient and  is conduction flux coefficient obtained from a CTF 

generator program (Iu 2009).  

 

5) Multi-zone model simulation manager: 
All the component models introduced above are managed by a multi-zone model simulation manager to 

conduct multi-zone quantity balance calculation. A zone integrator serves as the central part of the 

multi-zone model simulation manager which controls quantities balance as Equations (3) and (4) give. 

The building envelope model solves construction interior surface convection term  by calculating 

interior surfaces’ temperature, moisture density, and pollutant density with given convective heat, 

moisture and pollutant transfer coefficient. And the fluxes from building envelope interior surfaces are 

considered in the zone balance model and integrated. Air-flow transport flux term , is solved by 

air-flow network model and also integrated in the zone balance model. HVAC transport flux term , 

calculated from HVAC model, provides supply and return duct air flow quantities. The advantage of 

adopting a multi-zone model simulation manager is that it offers flexibility that allows multiple 

component models to co-exist in the CHAMPS-Multizone framework. The simulation manager interacts 

with different component model and passing information between each other. For example, both CTF 

and CHAMPS-BES building envelope models are allowed in CHAMPS-Multizone framework, and the 

simulation manager determines which one to call based on user’s input. In the early or conceptual 
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design stage, the CTF envelope model is sufficient for whole building energy performance analysis. At 

the final design stage, more detailed simulation of the envelope systems can be conducted by calling the 

CHAMPS-BES. The multizone simulation manager concept and how variables are transfer between 

different models is further illustrated by Figure 4. 

 

Numerical methods and solver schemes: 

Multiple numerical solver schemes are implemented in CHAMPS-Multizone C++ program to solve 

different models. The solver schemes include solar radiation solver, building envelope solver, zone and 

HVAC solver, and air-flow solver. An implicit variable-order variable-step Newton method is used to 

solve most of models in CHAMPS-Multizone. A Ping-pong solver integration scheme is implemented in 

CHAMPS-Multizone to exchange solver variables between different schemes as Figure 4 illustrated. 

 

solar 

radiation

qflow ...

Solar solver
Building 

envelope solver

Air-flow solver

Zone & HVAC 

solver

Tsurf ...

 ,Tzone ...

Air-flow solver

Building 

envelope solver

Tzone ...

Solar solver

solar

 radiation

t2

t1

…
 

Figure 4 Schematic of solver integration by the simulation manager 

Air-flow model solves for pressures in all zones, and then calculates the air-flow rates between zones. 

Building envelope model calculates construction interior surface temperature, moisture concentration, 

and pollutant(s) concentration.1 Then the solved air-flow quantity and interior construction surface 

quantities is used by zone & HVAC solver to conduct multi-zone calculation. After zone & HVAC solver 

finishes zone extensive properties balance calculation, the zone extensive properties are used for next 

step’s air-flow, and building envelope solver calculations. 

 

Models in CHAMPS-Multizone are solved by implementing SUNDIALS C numeric solver package 

developed by Lawrence Livermore National Lab (LLNL). Differential equations are solved by applying 

                                                           
1
 Alternatively, building envelope model can calculate flux terms from interior surface into zones, and then zone model uses the 

calculated fluxes for zone balance calculation. However, zone model turns out to have better numeric convergence and stability 

when using interior surface state variable (temperature, concentrations) compared with using fluxes. 
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CVODE package developed by Hindmarsh (2006), and non-linear equations (e.g. air-flow model) are 

solved by applying KINSOL package developed by Collier (2006). Since the numeric package provides 

automatic adjustment of model’s order and step, the program can perform calculation in decent speed. 

It is tested that CHAMPS-Multizone can solve energy, moisture, and pollutant balance for a three-zone 

building case with one air handling unit in one minute, simulated in a computer with an AMD Athlon 

64*2 Dual Core Processor 2.19GHz and 3GB RAM. 

 

Data exchange modules: 

CHAMPS-Multizone can interact with other simulation or design software to easily get building 

geometry and materials data. Current implementation makes it possible for importing *.idf (EnergyPlus 

Input Data File) file which can be easily exported from building modelling software like DesignBuilder 

and Google SketchUp. Future release will also incorporate gbXML and IFC format data importing 

features so that CHAMPS-Multizone can import building designs from various types of commercial 

software that have gbXML and/or IFC compatibility. 

 

Another feature of CHAMPS-Multizone is to communicate with Virtual Building database (Feng et al. 

2008), which stores static building geometry and HVAC data as well as sensors’ measurement data. 

Virtual Building collects various real-time measurement data including local climate conditions, indoor 

air quality, and pressure difference across the building envelope. Integrating with real-time monitoring 

data, CHAMPS-Multizone can also be used to simulate building operation in near-real time to validate 

real building performance, conduct systems diagnostic and fault detection, study advanced building 

control strategy and perform other building systems research and performance analysis. 

 

User interface: 

CHAMPS-Multizone uses MS VC++ and QT C++ as main development environment and implementation 

language. The user interface is developed in the framework of VC++ with QT integration. CHAMPS-

Multizone’s user-interface can display 3D building geometry and allow users to interact with building 

itself by selecting building components and set data as Figure 5 shows. The “Project Tree” represents 

the building system in a hierarchical structure to model the relationship of building, floor, zone, wall, 

window, door, and crack opening (Figure 6). It allows users to easily select the zone to enter the 

required input data or display the simulation results. The “Library Tree” contains necessary user library 

such as climate conditions, zone conditions, HVAC systems, building construction assemblies etc. The 

central view displays a 3-D building geometry of the building under the option of showing the whole 

building or selected zone details. Zone data are displayed and entered in the “Zone Editing Window”, 

which corresponds to the zone selected in the “Project Tree” and indicated in the geometry view. 

Separate dialogs window such as “HVAC Dialog” can be displayed for entering data regarding the HVAC 

system. 
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Figure 5 Graphical user interface 

 

 

Figure 6 CHAMPS-Multizone project tree structure 

 

 

 

Building

Floor 1

Zone 1

Wall 1a

Wall 1b
…

Zone 2

Wall 2a

…

Wall 2b

Window x



This article was originally published in “HVAC & R Research” (Volume18, Issue 1-2, 2012) 

 

10 

 

RESULTS & DISCUSSION 

Model Verifications 

CHAMPS-Multizone has been tested by comparing simulation results with other well-established 

building simulation programs. 

 

 

Figure 7 Two zone contaminant airflow test floor plan view 

 

The first case tests CHAMPS- Multizone air-flow simulation and compare with the results from CONTAM. 

A connected two zones case with an opening in the partition wall is setup. Both zones are connected 

with ambient air via small openings as shown in Figure 7. Ambient air has contaminant TVOC 

concentration 100 mg/m3. Wind flow causes zone1’s opening subject to +10 pa pressure filed; while 

zone2’s opening is at the leeward side and connected with -10 pa pressure filed. The wind brings 

ambient air flow into zone1 then, across the opening in the partition, into zone2 and then goes out. The 

TVOC concentration in two zones is plotted in Figure 9 (a). The contaminant concentration is built up by 

wind driven airflow. At first, zone1’s concentration starts to increase then the airflow between zone1 

and zone2 introduces contaminant into zone2 and make zone2’s contaminant concentration increase. It 

is found that CHAMPS-Multizone’s results match very well those simulated by CONTAM (error within 

2%). 

 

 

Figure 8 A two-floor, three-zone test case building 

 

The second test is to compare CHAMPS-Multizone energy simulation accuracy by simulating the same 

building case. The building geometry is shown in Figure 8. It has two stories with two zones in the first 

floor and one zone on the second floor. A typical Light Weight Construction is used for the building 

Zone1 Zone2

+10Pa -10Pa

100mg/m3
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envelope (see Table 3 of Appendix for details). Zone1 (West zone)’s heat load in a summer design day is 

plotted and very good match is found between CHAMPS-Multizone and EnergyPlus results [Figure 9 (b)]2. 

 

       

(a) Air-flow results comparison  (b) Heat load results comparison 

Figure 9 IAQ and energy simulation benchmarking 

 

To further validate CHAMPS-Multzione’s energy simulation accuracy, several ASHRAE 140-2007 standard 

cases (ANSI/ASHRAE 2007) are used and compared with EnergyPlus simulation. Since CHAMPS-

Multizone has simple HVAC air loop model, the validation study is only made by applying ASHRAE 140-

2007 building envelope cases especially Case 600 for low mass envelope building and Case 900 for high 

mass envelope building. The validation simulation cases are listed in Table 1. 

 

Table 1 ASHRAE 140-2007 validation case list 

Case name Description 

600 w/o window low mass envelope w/o windows on South side wall 

600 South Windows low mass envelope w/ windows on South side wall 

620 East&West windows low mass envelope w/ windows on East & West walls 

900 w/o window high mass envelope w/o windows on South side wall 

900 South Windows high mass envelope w/ windows on South side wall 

920 East&West windows high mass envelope w/ windows on East & West walls 

600FF w/o window low mass envelope w/o windows free floating temperature 

600FF South Windows low mass envelope w/ windows free floating temperature 

900FF w/o window high mass envelope w/o windows free floating temperature 

900FF South Windows high mass envelope w/ windows free floating temperature 

 

                                                           
2
 The small error at low heat load at morning time is potentially caused by: 1) the variant from solar radiation model output; 2) 

the different solving methods CHAMPS-Multizone and EnergyPlus use to solve long wave radiation. For details, please see 

EnergyPlus (2008). 

 

0

20

40

60

80

100

0:00 1:00 2:00 3:00 4:00 5:00 6:00 7:00 8:00

C
o

n
ta

m
in

an
t 

co
n

ce
n

tr
at

io
n

 
[m

g/
m

3
] 

Time (hr) 

Two Zones Airflow Test 

MZ
zone1

0

1

2

3

4

5

1 5 9 13 17 21

H
e

at
 lo

ad
 [

K
W

] 

Time [hr] 

West zone heat load test 

CH…
Ene…



This article was originally published in “HVAC & R Research” (Volume18, Issue 1-2, 2012) 

 

12 

 

 

Figure 10 Base building (Case 600 & Case 900) - isometric view of Southwest 

corner with windows on South wall in CHAMPS-Multizone 

  

Test case building is illustrated in Figure 10. Detailed case setup can be found in this paper’s appendix. 

To accommodate CHAMPS-Multizone simulation needs, all cases room thermostat temperature setpoint 

is 22 oC for the whole year. And to evaluate window’s influence, for each 600 and 900 series case, 

another case without window is created. For free floating room temperature cases, we use the same 

building geometry as Case 600 and Case 900 have for conditioned space test. Since CHAMPS-Multizone 

does not provide weather file converter, a Central NY weather file is created by converting CHAMPS-

Multizone weather file format to EnergyPlus weather file (EPW). All other case settings are exactly the 

same with ASHRAE 140-2007 standard. 

 

 
a) Annual heating energy comparison                        b) Annual cooling energy comparison 
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          c) Peak heating rate comparison                          d) Peak cooling energy comparison 

Figure 11 MZ and EnergyPluse ASHRAE 140-2007 conditioned energy comparison 

 

 

 
a) Free floating max temperature comparison      b) Free floating min temperature comparison 

Figure 12 MZ and EnergyPluse ASHRAE 140-2007 free floating case comparison 

 

The simulation results are shown in Figure 11 for conditioned building energy comparison and Figure 12 

for unconditioned free floating room temperature comparison. 

 

It can be found that CHAMPS-Multizone gives very similar annual heating and cooling energy and peak 

heating and cooling rate results compared with EnergyPlus. The results match better at w/o window 

cases. In w/ windows cases, CHAMPS-Multizone tends to give slightly higher prediction of energy 

consumption compared with EnergyPlus. Similar results can be found in free floating temperature test 

cases. The main reason is that CHAMPS-Multizone models windows in different ways from EnergyPlus. 

CHAMPS-Multizone adopts the empirical window model which gives the conduction heat loss/gain 

through window as a temperature driven phenomenon by multiplying the indoor and outdoor 

temperature difference by window’s U value; while the radiation heat gain is calculated by applying 

window system’s SHGC. The total window system heat gain is given by Equation (9) (ASHRAE 2005): 

 

    (9) 
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Where U is window’s U value, Aof is window projection area;   is incidental solar irradiance. On the 

contrast, EnergyPlus uses detailed window pane balance method (EnergyPlus development team 2010). 

However, the difference is within the acceptable range (the maximum difference between CHAMPS-

Multizone and EnergyPlus is 12% for peak load cases, and 3 oC for free floating temperature case) when 

contrasting EnergyPlus with other simulation software ASHRAE 140-2007 test results, in which the 

maximum difference between the other models and EnergyPlus is 15% of peak load and 5 oC for free 

floating cases (Henninger 2010).  

 

Case study 1 

A combined energy and IAQ simulation case, with the same building geometry in Figure 8 (for detailed 

case setup, simulation parameters can be found in Appendix 3), is created using CHAMPS-Multizone. 

One Air Handling Unit is setup with a VAV system. For cooling, the supply air temperature is set at 14 C 

with variable supply air flow rate to compensate zone heat load. One zone (2F1) had constant TVOC 

emission at 0.1 mg/s. The Outdoor Air (OA) is clean and had no contaminant. The simulation uses 

ventilation via the AHU to bring fresh air into building to reduce indoor pollutant concentration. One 

summer day simulation is conducted and results are shown in Figures 13 and 14. 

 

 
(a) Cooling energy input                           (b) Pollutant concentrations 

Figure 13 Case building energy and IAQ performance (20% OA) 

 
(a) Cooling energy rate comparison                           (b) Pollutant concentrations comparison 

Figure 14 Case building combined energy and IAQ simulation under different IAQ control 

strategies 
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For this case, a general energy and IAQ simulation results for three (3) zones are shown in Figure 13(a) 

and 13(b) respectively. Increasing OA ratio from 20% to 80% can dilute indoor pollutants concentration 

but gives higher energy penalty (Figure 14a). Alternatively, to keep the same OA ratio but use air cleaner 

to filter pollutant from return air can also achieve better IAQ (Figure 14b) but would not have energy 

penalty for conditioning extra hot OA, neglecting the energy consumption associated with the air 

cleaning process. The results illustrate the ability of the program in analyzing the trade-off between 

energy saving and IAQ improvement strategies. 

 

Case Study 2 

To further demonstrate CHAMPS-Multizone for combined Energy and IAQ simulation. A real building 

located at Central NY is setup to simulate its indoor air quality and energy performance. Finally, the 

building performance simulation results are compared with real time Virtual Building performance 

monitoring system to verify simulation’s accuracy. 

 

                  

Figure 15 Case study 2 building - isometric view of Northwest corner in CHAMPS-Multizone (left, 

as-built model; right, simplified model) 

 

The building is a five-storey office building (Figure 15). In the simulation, its geometry is approximately 

modelled as a rectangular shape with length of 54.5   and width of 13.6 . The Window to Wall Ratio 

(WWR) of facade is South side 100%, North 30%, West 0% and East 60%. The building uses Dedicated 

Outdoor Air (DOA) air handling unit and radiant panels for handling most (up to about 80%) of the 

heating and cooling loads. The water loop uses Ground Source Heat Pump (GSHP) and boilers if 

additional heating is needed in winter time. Detailed building parameters can be found in Appendix 4. 

 

Since this is a new office building, the furniture we have in this building can emit contaminants such as 

VOCs. The 2nd and 3rd floor of building has VOCs emission sources, while other floors do not have direct 

VOCs emission. Here we try to evaluate different ventilation systems and impact on building’s energy 

and IAQ performance. DOA and traditional mixing air ventilation systems are studied in this case. The 

DOA system uses 100% OA and enthalpy recovery. Since the case building is a green building, to comply 

with LEED (2005) standard, the DOA system is designed to have additional OA ventilation rate compared 

with traditional mixed air system to provide better indoor air quality. The building’s air conditioning 

system is turned on at 6:00 am and shut down at 5:00 pm during working days. During non-working 
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hours and weekend, the fan is kept operating but the OA damper is turned off and valves are shut down, 

and air is fully recirculated. 

 

Figure 16 (a) shows whole building heating energy rate when using DOA system and 20% OA mixing air 

system. It can be found that mixing air system can achieve similar energy consumption compared with 

DOA system. For indoor air quality, as Figure 16 (b) shows, TVOC concentration in one office room 

increases during non-work hours because of recirculating return air under both systems. However, 

during work time, when applying mixing air system, the TVOC concentration is higher than the 

concentration of using DOA system, because it recirculates return air as well as indoor pollutants, and 

mixes it with supply fresh air. It can be concluded that traditional mixing air system, even though it can 

achieve similar building energy performance by reducing OA ratio, it is not effective in diluting and 

eliminating indoor pollutants when compared with DOA system. 

 

 
(a) Heating energy rate comparison            (b) Pollutant concentrations comparison 

Figure 16 Case building combined energy and IAQ simulation under ventilation systems 

 

Furthermore, to validate our simulation models’ accuracy, we compare CHAMPS-Multizone’s simulation 

results with Virtual Building real time building performance monitoring of a 5-storey, 40,000 ft2 floor 

area building (See Appendix for details). CHAMPS-Multizone generally gives good prediction on 

building’s heating energy rate. Since the case building’s heating system experience on-off operation, the 

monitored heating energy rate fluctuates with time. However, the trends predicted by CHAMPS-

Multizone agree well with Virtual Building measurement results. 
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Figure 17 Case building heating energy rate comparison between CHAMPS-Multizone and Virtual 

Building monitoring 

Another study of combining Virtual Building and CHAMPS-Multizone is carried out by analyzing the 

impact of controlling the corridor zones and work space zones (offices and conference rooms) at 

different temperature setpoints on energy consumption. It is found that, through Virtual Building 

monitoring, the corridors of case building are controlled at different temperature compared with office 

rooms. In winter, for instance, the corridor’s setpoint is 21 oC and the office room setpoint is 22.5 oC as 

Figure 18 a) shows. The lower setpoint in corridors can reduce heating energy consumption at winter 

time, because corridors, which are not frequently occupied, can have relatively lower thermal comfort 

requirements compared with office rooms. CHAMPS-Multizone simulates the case building by 

comparing two scenarios: corridors setpoint at 21 oC and 22.5 oC. The heating energy of two corridors is 

given for one winter month (December) simulation by Figure 18 b). It can be found that lower setpoint 

in corridors can save corridor heating energy consumption about 20% in one winter month. 

 

 
 

(a) Corridor and office room temperature  (b) Corridor heating energy comparison 

Figure 18 Case building room temperature and corridor heating energy analysis 
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CONCLUSIONS 

CHAMPS-Multizone is a new simulation program which can simulate combined heat, air, moisture, and 

pollutant transport process in whole building systems. The ability of simulating energy and IAQ building 

performance at the same time makes this program suitable to conduct comprehensive building 

performance analysis. In combination with Virtual Building monitoring system, CHAMPS-Multizone can 

compare simulation results with real-time building performance and help researchers better validate 

models’ accuracy. To facilitate designers to use CHAMPS-Multzione to study building designs and its 

performance, CHAMPS-Multizone includes special modules which can import design data from design 

platform, such as Google SketchUp and Revit, via IFC or IDF format. Potential applications of this 

program include combined building energy and IAQ performance analysis, architectural design and 

building systems performance analysis, real-time building performance simulation, control and fault 

detection.  

 

Besides existing functions, several research and development work are going on to enhance the data 

interoperability of the software, incorporate more detailed HVAC systems simulation via coupling with 

EnergyPlus and more detailed room simulation via coupling with a sub-zonal room model, and coupling 

with a building design advisory user interface module (called “virtual design studio”) to assist architects 

in evaluating green building technologies at various design stages. 
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APPENDIX 

 

1. CHAMPS-Multizone and CONTAM airflow test case parameters 
 

Table 2 CHAMPS-Multizone and CONTAM Airflow Test Parameters 

Parameter Setting 

Zone size (see details in test case descriptions) 

outside VOC concentration 100 mg/m3 (6.24*10-6 lb/ft3) 

Initial zone VOC concentration 0 mg/m3, for all zones 

zone emmission rate 0 mg/m3, for all zones 

Zone temperature 23 C (73 F) constant 

Zone RH 50% 

Wind pressure +10 Pa (0.04 inch WC) for windward side, -10 Pa for 
leeward side 

Flow path1 (connected to exterior) k = 0.02, n = 0.5 

Flow path2 (inter-zonal) k = 0.01, n = 0.5 

 

2. CHAMPS-Multizone and EnergyPlus zone heat load test case parameters 
 

Table 3a Zone heat load test case lightweight wall assembly -- SI units 

Layer Material k (W/m-
K) 

Thickness 
(m) 

R (m2-
K/W) 

Density 
(kg/m3) 

Cp (J/kg-K) 

Inside layer Gypsum board 0.160 0.019   800 1090 

Layer 2 Air space resistance     0.150     

Layer 3 Insulation board 0.030 0.0508   43 1210 

Layer 4 Metal Surface 45.280 0.001   7824 500 

 

Table 3b Zone heat load test case lightweight wall assembly -- IP units 

Layer Material k (Btu-in/hr-
ft-F) 

Thickness (ft) R (ft2-F-
hr/Btu) 

Density 
(lb/ft3) 

Cp (Btu/lb-F) 

Inside layer Gypsum board 1.110 0.0623   49.92 0.260 

Layer 2 Air space resistance     0.852     

Layer 3 Insulation board 0.208 0.1666   2.68 0.289 

Layer 4 Metal Surface 314.017 0.00328   488.22 0.119 

 

For detailed building geometry information, please refer to Appendix 4 

 

3. ASHRAE 140-2007 test case building 
 

1) Building geometry 
The basic test building (Figure 10) is a rectangular single zone (8   wide   6   long   2.7   high) with 

no interior partitions and two 6    (3   high   2   long) windows on the south exposure. Both Case 
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600 and Case 900 share the same building geometry. For Case 620 and Case 920, the only difference 

from Case 600 and 900 in geometry is that the two windows are placed on the East and West wall 

respectively with the same window geometry. For further details refer to Section 5.2.1 of ANSI/ASHRAE 

Standard 140-2007. 

  

2) Building construction materials 
 

Table 4a Case 600 series lightweight wall assembly – SI units 

Layer Material k (W/m-K) Thickness 
(m) 

U (W/m2-K) R (m2-
K/W) 

Density 
(kg/m3) 

Cp (J/kg-K) 

Inside layer Plasterboard 0.160 0.012 13.333 0.075 950 840 

Layer 2 Fiberglass Quilt 0.040 0.066 0.606 1.650 12 840 

Layer 3 Wood Siding 0.140 0.009 15.556 0.064 530 900 

 

Table 4b Case 600 series lightweight wall assembly – IP units 

Layer Material k (Btu-
in/hr-ft-F) 

Thickness 
(ft) 

U (Btu/hr-
ft2-F) 

R (ft2-F-
hr/Btu) 

Density 
(lb/ft3) 

Cp 
(Btu/lb-F) 

Inside layer Plasterboard 1.11 0.391 2.347 0.426 59.28 0.2 

Layer 2 Fiberglass Quilt 0.277 0.216 0.107 9.367 0.749 0.2 

Layer 3 Wood Siding 0.971 0.03 2.738 0.363 33.07 0.215 

 

Table 5a Case 600 series lightweight roof assembly – SI units 

Layer Material k (W/m-K) Thickness 
(m) 

U (W/m2-K) R (m2-
K/W) 

Density 
(kg/m3) 

Cp (J/kg-K) 

Inside layer Plasterboard 0.160 0.010 16.000 0.063 950 840 

Layer 2 Fiberglass Quilt 0.040 0.112 0.358 2.794 12 840 

Layer 3 Roof Deck 0.140 0.019 7.368 0.136 530 900 

 

Table 5b Case 600 series lightweight roof assembly – IP units 

Layer Material k (Btu-
in/hr-ft-F) 

Thickness 
(ft) 

U (Btu/hr-
ft2-F) 

R (ft2-F-
hr/Btu) 

Density 
(lb/ft3) 

Cp 
(Btu/lb-F) 

Inside layer Plasterboard 1.11 0.0328 2.816 0.358 59.28 0.2 

Layer 2 Fiberglass Quilt 0.277 0.367 0.063 15.86 0.749 0.2 

Layer 3 Roof Deck 0.971 0.0623 1.297 0.772 33.07 0.215 

 

Table 6a Case 600 series lightweight floor assembly – SI units 

Layer Material k (W/m-K) Thickness 
(m) 

U (W/m2-K) R (m2-
K/W) 

Density 
(kg/m3) 

Cp (J/kg-K) 

Inside layer Timber Flooring 0.140 0.025 5.600 0.179 650 1200 

Layer 2 Insulation 0.040 1.003 0.040 25.075     
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Table 6b Case 600 series lightweight floor assembly – IP units 

Layer Material k (Btu-
in/hr-ft-F) 

Thickness 
(ft) 

U (Btu/hr-
ft2-F) 

R (ft2-F-
hr/Btu) 

Density 
(lb/ft3) 

Cp 
(Btu/lb-F) 

Inside layer Timber Flooring 0.971 0.082 0.984 1.016 40.56 0.287 

Layer 2 Insulation 0.277 3.29 0.007 142.346     

 

Table 7a Case 900 series heavyweight wall assembly – SI units 

Layer Material k (W/m-K) Thickness 
(m) 

U (W/m2-K) R (m2-
K/W) 

Density 
(kg/m3) 

Cp (J/kg-K) 

Inside layer Concrete Block 0.510 0.100 5.100 0.196 1400 1000 

Layer 2 Foam Insulation 0.040 0.0615 0.651 1.537 10 1400 

Layer 3 Wood Siding 0.140 0.009 15.556 0.064 530 900 

 

Table 7b Case 900 series heavyweight wall assembly – PI units 

Layer Material k (Btu-
in/hr-ft-F) 

Thickness 
(ft) 

U (Btu/hr-
ft2-F) 

R (ft2-F-
hr/Btu) 

Density 
(lb/ft3) 

Cp 
(Btu/lb-F) 

Inside layer Concrete Block 3.537 0.328 0.899 1.113 87.36 0.239 

Layer 2 Foam Insulation 0.277 0.2 0.115 8.725 0.624 0.334 

Layer 3 Wood Siding 0.971 0.03 2.752 0.363 33.07 0.215 

 

Table 8a Case 900 series heavyweight floor assembly – SI units 

Layer Material k (W/m-K) Thickness 
(m) 

U (W/m2-K) R (m2-
K/W) 

Density 
(kg/m3) 

Cp (J/kg-K) 

Inside Layer Concrete Slab 1.130 0.080 14.125 0.071 1400 1000 

Layer 2 Insulation 0.040 1.007 0.040 25.075     

 

Table 8b Case 900 series heavyweight floor assembly – PI units 

Layer Material k (Btu-
in/hr-ft-F) 

Thickness 
(ft) 

U (Btu/hr-
ft2-F) 

R (ft2-F-
hr/Btu) 

Density 
(lb/ft3) 

Cp 
(Btu/lb-F) 

Inside Layer Concrete Slab 7.84 0.2624 2.481 0.403 87.36 0.239 

Layer 2 Insulation 0.277 3.3 0.007 142.351     
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Table 9 Case 600, 900 series window pan material properties 

Window Property Data 

Glass Name Glass Type 1 

Optical Data Type Spectral Average 

Window Glass Spectral Data Set Name   

Thickness 0.003175 m (1/8 in) 

Solar Transmittance at Normal Incidence 0.86156 

Front Side Solar Reflectance at Normal Incidence 0.07846 

Back Side Solar Reflectance at Normal Incidence 0.07846 

Visible Transmittance at Normal Incidence 0.91325 

Front Side Visible Reflectance at Normal Incidence 0.082 

Back Side Visible Reflectance at Normal Incidence 0.082 

Infrared Transmittance at Normal Incidence 0 

Front Side Infrared Hemispherical Emissivity 0.84 

Back Side Infrared Hemispherical Emissivity 0.84 

Conductivity 1.06 W/m-K (7.351 Btu-
in/hr-ft-F) 

 

Table 10 Case 600, 900 series window assembly 

Construction Name 

Name Double Pane Window 

Outside Layer Glass Type 1, 

Layer 2 Air Space Resistance 

Layer 3 Glass Type 1 

 

3) Other parameter settings 
 

Table 11 Case 600, 900 series building parameters 

Parameter Setting 

Infiltration 0.5 ACH for all test cases 

Internal Heat Source 200 W (682.36 Btu/hr) constant, convective fraction 0.4 and radiant fraction 
0.6 

Setpoint 22 C (71.6 F) constant (for conditioned case only) 

Ground Temperature 10 C (50 F) constant 

Ground reflectance 0.2 constant 

 

4. CHAMPS-Multizone case study 1 building parameters 
 

1) Building geometry 
The case building can be found in Figure 8 for isometric view of Southeast corner. The first floor building 

is square shape with dimension 10   (32.8 ft) wide   10   (32.8 ft) long   3.5   (11.48 ft) high. The 

first floor is divided into East and West two zones with West (big) zone 6   (19.68 ft) wide and East 

(small) zone 4   (13.12 ft) wide. The West zone has one window (3.8   (12.64 ft) wide   1.5   (4.92 ft) 

high) on its South and North walls respectively, while for East zone a smaller window (2.8   (9.18 ft) 
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wide   1.5   (4.92 ft) high) also on its South and North walls. There are windows (6.5   (21.32 ft) wide 

  1.5   (4.92 ft) high) at the East and West side exterior walls of building. The 2nd floor is a single zone 

with dimension same with West zone in the 1st floor (6   wide (19.68 ft)   10   (32.8 ft) long   3.5 

(11.48 ft)   high). Also it has the window size with 1st floor West zone. 

 

2) Building construction materials 
Typically lightweight construction is used for this case building. The construction (wall, roof, floor and 

window) material properties are the same with ASHRAE 140-2007 Case 600. 

 

3) Other parameter settings 

 

Table 12 case study building other parameters 

Parameter Setting 

Infiltration 0 ACH for all zones 

Internal Heat Source 0 W for all zones 

Setpoint 23 C (73.4 F) constant 

Ground Temperature 14 C (57.2 F) constant 

Ground reflectance 0.2 constant 

Initial pollutant concentration 0 mg/m3 for all zones 

pollutant emission rate 1 mg/m3 (6.24*10-8 lb/ft3) for the zone at 2nd fllor, 0 mg/m3 for 1st 
floor zones 

HVAC supply, return zone 10 m3 (353.1 ft3) volume for both supply and return duct 

HVAC supply air temperature 14 C (57.2 F) for VAV system 

HVAC filter (only in filter case) efficiency 0.7, mounted at return air main duct 

OA ratio 20% and 80% OA 

 

5. CHAMPS-Multizone case study 2 
 

1) Building geometry 
The building is an office building located at Central NY climate conditions. The building has five 

storeys with rectangular shape of dimension 54.5   (178.76 ft) long   13.6   (44.61 ft) wide   

23   (75.44 ft) high. The isotropic view of building geometry can be found in Figure 15. The 2nd 

and 3rd floor have corridor on the South and North side of each floor. Each corridor’s is 2   

(6.56 ft) wide and 43   (141.01 ft) long. 
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2) Building Envelope 
 

Table 13a Case study 2 building exterior wall assembly – SI units 

Layer Material k (W/m-
K) 

Thickness 
(m) 

R (m2-K/ 
W) 

Density 
(kg/m3) 

Cp (J/kg-K) 

Inside layer Gymsum Board 0.250 0.0159   900 1000 

Layer 2 Air Gap   0.152 0.160     

Layer 3 Polyurechane 0.050 0.051   70 1500 

Layer 4 Firberboard 0.06 0.0159   300 1000 

Layer 5 EPS 0.04 0.0508   15 1400 

Layer 6 Air Gap   0.019 0.15     

Layer 7 Metallic Cladding 0.29 0.0079   1250 1000 

 

Table 13b Case study 2 building exterior wall assembly – IP units 

Layer Material k (Btu-
in/hr-ft-F) 

Thickness (ft) R (ft2-F-
hr/Btu) 

Density 
(lb/ft3) 

Cp (Btu/lb-
F) 

Inside layer Gymsum Board 1.734 0.052   56.16 0.239 

Layer 2 Air Gap   0.5 0.908     

Layer 3 Polyurechane 0.347 0.167   4.37 0.358 

Layer 4 Firberboard 0.416 0.052   18.72 0.239 

Layer 5 EPS 0.277 0.167   0.936 0.334 

Layer 6 Air Gap   0.062 0.851     

Layer 7 Metallic Cladding 2.011 0.026   78 0.239 

 

Table 14 Case study 2 building Window Assembly 

Layer Name Thickness  Description 

Inside Layer Low E clear glass 6 mm (1/4 in) Low E coating (e2=0.1) 

Layer 2 Argon 13 mm (1/2 in)   

Layer 3 Generic clear glass 6 mm (1/4 in)   

 

Table 15 Case study 2 building Window to Wall Ratio (WWR) 

Façade Side Window to Wall Ratio (WWR) 

South 100% 

North 30% 

West 0% 

East 60% 

 

3) Ventilation, air change, controls and other parameter settings 
The HVAC air system of case building 2 uses 100% OA and enthalpy recovery wheel and desiccant wheel 

for heat and moisture recovery. The water loop of case building 2 is designed by using ground source 

heat pump (GSHP) for heating and cooling. Should additional heating is needed, two boilers are also 

available. Since CHAMPS-Multizone does not model HVAC water loop, only the heating or cooling rate 
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delivered from water loop to air loop is calculated in CHASMPS-Multizone and compared with Virtual 

Building monitoring data. For air system modelling, Virtual Building’s measurement data is utilized to 

understand how energy is recovered when passing through enthalpy recovery wheel and eventually use 

the recovered air properties in CHAMPS-Multizone simulation. The radiant panel in each zone is 

simulated as internal heat/cool source in CHAMPS-Multizone without detailed modelling the water loop. 

 

Table 16 Case study 2 other simulation parameters 

Parameter Setting 

Air Change 0.2 ACH 

HVAC DOA and 20% mixing air system 

Zone setpoint 22.5 C (72.5 F) 

HVAC operations 6:00am ~ 5:00pm ON; 
other time and weekend OFF 

Fan operation recirculate 100% return at non-work hours 

VOC source 2F zones 2mg/m3; 3F zones 1 mg/m3 (6.24*10-8 lb/ft3) 

Heat source 10 W/m2 (0.317 Btu/hr-ft2) 

 

 

 


